We use a charge-dipole interaction model to study the polarizability of aromatic molecules that are placed between two silver clusters. In particular we examine the enhancement in polarizability induced by the clusters at plasmon-like resonant frequencies of the cluster-molecule-cluster system. The model used for these simulations relies on representation of the atoms by both a net electric charge and a dipole. By relating the time variation of the atomic charges to the currents that flow through the bonds of the structures considered, a least-action principle can be formulated that enables the atomic charges and dipoles to be determined. We consider benzene, naphthalene and anthracene for this study, comparing the polarizability of these aromatic molecules when placed in the middle between two Ag 120 clusters, with their polarizability as isolated molecules. We find that the polarizability of these molecules is enhanced by the clusters, and this increases the electromagnetic coupling between the two clusters. This results in significant red-shifting (by up to 0.8 eV) of the lowest energy optical transition in the cluster-molecule-cluster system compared to plasmon-like excitation in the cluster-cluster system. The resulting resonant polarizability enhancement leads to an electromagnetic enhancement in surface-enhanced Raman scattering of over 10 6 .
Introduction
The polarization of systems that are subject to external fields is fundamental to the development of new technologies relevant to sensing and electronic/optical devices. Electronic polarization indeed contributes to the dynamics [1] [2] [3] or field-induced organization [4, 5] of many complex systems. It is an essential aspect of field emission [6] [7] [8] , and it enables the determination of macroscopic polarizations [9] , hyperpolarizabilities [10] [11] [12] , Raman intensities [13, 14] , etc. In this context, molecular modeling of the polarization properties is commonly achieved with either quantum chemical and classical electrostatics models [15] [16] [17] . In molecular mechanics or force field models, electrostatic interactions are for example described using classical models and the trend is to use force fields that include polarization explicitly [18] [19] [20] . 3 Author to whom any correspondence should be addressed.
This enables the polarizability of the structures considered, as well as properties that arise from this polarizability, to be determined.
A classical method to compute molecular polarizabilities consists in associating with each atom a dipole, whose value actually depends on the external field and on the fields associated with the other dipoles [21] [22] [23] [24] [25] [26] [27] . An extension of this model consists of associating with each atom an electric charge in addition to the dipole [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The atomic charges and dipoles are in this case those that minimize the potential energy associated with these quantities, however different models exist for these quantities depending on the expression used for the self-energies and the interactions between different atomic sites. When the external field is oscillating, an approach proposed by others consists in giving the 'monopolar' and 'dipolar' polarizabilities a Lorentzian dependence on the frequency [25, 30, [41] [42] [43] . Our approach to this problem consists in relating the time variations of the atomic charges to the currents that flow through the bonds of the structure considered [44, 45] . Given appropriate expressions for the kinetic energy of these moving charges, a least-action principle can be formulated that enables the time-dependence of the atomic charges and dipoles to be determined.
Our recent work with this 'charge-dipole model' has focused on the frequency-dependent polarizabilities of aromatic molecules [44] and silver clusters [45] (these structures being considered separately). Silver clusters have attracted wide interest because of their ability to magnify, locally, the fields that are applied to them and because of the enhancement they induce in the Raman scattering of molecules that are placed in their vicinity [46] [47] [48] [49] [50] [51] [52] [53] [54] . Of particular interest are cluster-molecule-cluster junction structures, as recent single molecule surface-enhanced Raman spectroscopy (SERS) experiments [55] provide strong evidence that the molecule being observed is always located at such junctions. This has inspired theoretical studies of junctions, including a recent time-dependent-density functional theory study [50] of a junction which consisted of a pyrazine molecule sandwiched between Ag 20 clusters. Although the silver clusters show plasmon-like optical response that provides a useful model for understanding SERS [53] , the Ag 20 -pyrazine-Ag 20 structure was found to show only weak electromagnetic coupling between the silver clusters, so the strong electromagnetic coupling that is expected of a junction was not present.
To provide further insight into the uses of the chargedipole model, it is of interest to apply it to situations in which aromatic molecules and silver clusters are considered simultaneously. Here we consider benzene, naphthalene and anthracene interacting with tetrahedral Ag 120 clusters as a model of the junction structures noted above, but using larger metal clusters so that electromagnetic interactions between the clusters are stronger. Parameters that can be used in the charge-dipole model were determined in our previous work [44, 45] for these molecules and clusters based on fits to static and frequency-dependent polarizability properties that were obtained from electronic structure calculations. Thus the polarization properties of each component of the junctions are accurately known, and the issue of interest in this work is how interactions between the components influence the overall polarization properties. Note that chemical contributions to the SERS enhancements are not included in this study. This paper is organized according to the following lines. In section 2, we present the methodology used to simulate the frequency-dependent polarizability of aromatic molecules and silver clusters. In section 3, we compare the polarizability of benzene, naphthalene and anthracene in situations in which these structures are either isolated or placed between two tetrahedral Ag 120 clusters. The polarizability of these structures turns out to be enhanced by the silver clusters, and this enhances the electromagnetic coupling between the two clusters. This red-shifts the resonant response of the system by surprisingly large amounts (up to 0.8 eV). The dependence of this resonance on the distance between the two clusters, and the magnitudes of the resonance SERS enhancement factor are then used to provide insight concerning which junction structures are likely to play a role in SERS. Our conclusions are presented in section 4.
Methodology
We summarize in this section the methodology presented in our previous work for the calculation of frequency-dependent polarizabilities using the charge-dipole model. We consider a system of N atoms, which are split into N S structures. By 'structures', we refer to chemically stable sets of atoms and we will assume that charge transfers are allowed only between the atoms of a given structure. Charge transfers between different structures are hence prevented in this work. The structures considered later in this paper are benzene, naphthalene, anthracene and tetrahedral Ag 120 clusters. We refer by Q k tot to the net charge carried by each structure (k ∈ [1, N S ]). We assume that these structures are subject to an external field, whose time-dependence is given by E ext (t) = Re[E ext exp(−iωt)], where E ext stands for the amplitude of this external field and ω for its angular frequency. We associate with each atom a net electric charge q i (t) as well as a dipole p i (t). These quantities are expressed as q i (t) = q 
where
p−q express respectively the chargecharge, the dipole-dipole and the charge-dipole interactions. χ i refers to the absolute electronegativity of the atom i and V i (t) = −E ext (t) · r i is the potential associated with the external field E ext (t) at the atomic position r i . This expression actually depends, through the on-site terms T i,i q−q and T i,i p−p and through the normalization of the electrostatic interactions, on the extension R i q of the atomic charges and on the atomic polarizabilities α i [37, 38, 44] .
In order to express the kinetic energy of the moving charges, we relate the time variations of the atomic charges q i (t) to the currents I l (t) that flow through the bonds of the structures considered. This relation I l (t) = N i=1 A l,iqi is actually established by enforcing (i) that the time variation of the atomic charges be equal to the sum of the incoming currents (for each atom and considering the currents that flow through the bonds of this atom), and (ii) that no potential difference exists when going along any closed path [45] . One can then express the kinetic energy of the moving charges as
2 , where the sum runs over the N bonds bonds of the structures considered. The coefficients R l express the 'resistance' of each bond. We express it as R l = c kin,q
, where c kin,q is a proportionality coefficient, m is the mass of the electron, e is the electronic charge, and d l is the length of the bond l. S l refers to the overlap between the normalized Gaussian distributions that are associated with the two atoms that are connected by the bond l in order to express their contribution to the resistance R l . For silver clusters, S l actually depends on the extension R i c of these distributions, which are specific to each type of atom [45] . For the aromatic molecules studied in [44] , it was not necessary to introduce differences between the bonds that contribute to the charge transfers. This comes to enforcing S l = 1 for these structures. The kinetic energy of the oscillating dipoles is finally given by E kin,
, where c i kin,p is another proportionality coefficient that is specific to each type of atom [45] .
Given these expressions for E pot (t), E kin,q (t) and E kin,p (t) and taking account of the constrains associated with the charge Q k tot carried by each structure, the action J to be minimized is given by
where L = (E kin,q + E kin,p ) − E pot is the Lagrangian and λ k is the Lagrange multiplier associated with the chargespecification conditions [56] . The formulation of the leastaction principle (δ J = 0) finally leads to two sets of 4N + N S linear equations that enable the q 0 i , p 0 i , q i , p i as well as the Lagrange multipliers to be determined [44, 45] .
The frequency-independent terms q 0 i and p 0 i do not depend on the external field and rather describe the permanent polarization of the structures considered [38, 44] . For the calculation of molecular polarizabilities, one only needs the complex amplitude q i and p i of the oscillating part of the atomic charges and dipoles [44, 45] . Their values are provided by the matricial equation ⎛ [44] and [45] . They are given in table 1. An implementation of this methodology is provided by the DCDA software [57] .
Application: polarization properties of aromatic molecules that are placed in the middle between two silver clusters
In order to study the enhancement that silver clusters can induce on the polarizability of molecules that are placed in their vicinity, we considered situations in which benzene, naphthalene and anthracene are placed in the middle between two tetrahedral Ag 120 clusters. We will assume that each molecule and each cluster has a net charge Q k tot = 0. We prevent in this study any transfer of charges between the aromatic molecules and the silver clusters. We assume that these clusters are placed 'tip-to-tip' along the z-axis, with a gap distance d between the apex of each cluster. We will consider situations in which the aromatic molecules are either in a 'vertical' or 'horizontal' position. These denominations refer to situations in which the aromatic molecules are respectively in the xz or x y plane. These two situations are depicted in figure 1 .
We consider first the case in which the external field is static and we focus on the molecular polarizability α of the aromatic molecule that is placed between the two clusters. This quantity is defined by the relation where the summation only includes the atoms that belong to the molecule. P is the polarization induced by the external field E ext . Since the relation i∈molec q i = 0 holds, P is independent of any particular choice for the origin. We compute α by applying an external field E ext succeedingly in the x, y and z directions. The polarizability P divided by the amplitude of the external field E ext provides respectively the first, second and third row of the polarizability tensor α. The enhancement of the polarizability of the molecule that is placed between the two clusters is the most significant along the z axis of the dimer. We will therefore focus on the α zz component of the polarizability tensor.
In figure 2 , we calculated the ratio between the α zz values obtained when the molecule is placed between the two clusters and the α zz values obtained when the molecule is isolated. These results are established for a gap distance d between the two clusters that ranges between 7 and 40Å and for either a vertical or an horizontal position of the molecule. Figure 2 shows that the enhancement induced by the silver clusters on the α zz component of the static polarizability tensor of the molecules considered is stronger at smaller gap distances d. It tends as expected to a value of 1 when d → ∞. The enhancement in the values of α zz turns out to be more pronounced when the molecule is in a vertical position (compared to the enhancement achieved for an horizontal position). We will show hereafter that the molecule actually enhances the electromagnetic coupling between the two clusters. This enhancement, which is more significant when the molecule is in a vertical position, contributes to the larger values of α zz .
In [45] , we calculated the E middle /E ext ratio between the electric field E middle in the middle of the gap and the field E ext that is applied to the dimer. For a gap distance d of 7Å and without any molecule being placed between the two clusters, this E middle /E ext ratio takes the value of 4.5. For aromatic molecules that are placed in a vertical position, the enhancement in the values of α zz turns out be larger than this E middle /E ext ratio (actually for the whole range of gap distances d considered). This enhancement in the values of α zz is however smaller than the E middle /E ext ratio achieved when the molecule is in an horizontal position. We note also that the enhancement in the values of α zz is more significant for smaller molecules, like benzene. This may be due to the fact the field that these smaller molecules experience is on average larger than that experienced by larger molecules (the smaller molecules fit indeed better than the larger molecules in the region between the two clusters where the fields are the strongest).
These results are relevant to the molecule that is placed between the two clusters and the polarizabilities presented are those defined by equation (4) . Another possibility to quantify the enhancement that occurs in the polarizability of the Ag 120 -molecule-Ag 120 system consists in calculating α = α Ag 120 −mol−Ag 120 − α Ag 120 −Ag 120 − α mol , where α Ag 120 −mol−Ag 120 is the polarizability of the entire Ag 120 -molecule-Ag 120 system, α Ag 120 −Ag 120 is the polarizability of the Ag 120 -Ag 120 dimer when no molecule is placed between the two clusters and α mol is the polarizability of the molecule when the silver clusters are not present. We always assume that the molecule and the two Ag 120 clusters have a net charge Q k tot = 0 and that no charge transfer occurs between these different structures. We focus as previously on the zz-component of these polarizabilities. The results achieved when a gap distance d of 7Å is considered are presented in table 2. The values achieved for α zz confirm that the molecule that is placed between the two clusters induces an enhancement in the polarizability of the Ag 120 -molecule-Ag 120 system. This enhancement is larger when the molecule is in a vertical position. These values of α zz describe the enhancement that occurs in the polarizability of the entire Ag 120 -molecule-Ag 120 system when the molecule and the dimer are taken together. α zz therefore also includes the enhancement that occurs in the polarizability of the Ag 120 -Ag 120 dimer. In contrast, the α zz values obtained from equation (4) are only relevant to the molecule that is placed between the two clusters. The remaining part of this paper uses the definition of α zz provided by equation (4) . These results are relevant to the off-resonant change in intensities associated with surface-enhanced Raman scattering.
In our previous work [45] , we presented calculations of the frequency-dependent polarizability α(ω) of dimers of silver clusters [40, [46] [47] [48] [49] [50] [51] [52] [53] [54] . The imaginary part of the polarizability tensor is characterized by peak intensities, whose displacements (when the gap distance d is changed) are representative of their electromagnetic coupling. It is therefore interesting to study the impact of the aromatic molecules on the position of these peaks. We represented in figure 3 the imaginary part of the polarizability α(ω) of a Ag 120 -Ag 120 dimer, for a gap distance d of 7Å and forh values ranging between 1.5 and 3.5 eV. The imaginary part of the α xx and α yy components is characterized by a peak intensity, whose position is blue-shifted fromhω = 3.048 eV (value obtained for an isolated Ag 120 ) to a value of 3.054 eV (these components of the polarizability tensor are associated with a transverse polarization of the dimer) [45, 50] . The imaginary part of the α zz component is also characterized by a peak intensity, whose position is this time red-shifted fromhω = 3.048 eV to a value of 2.924 eV (this component of the polarizability tensor is associated with an axial polarization of the dimer) [45, 50] .
The presence of an aromatic molecule between the two clusters increases the magnitude of this effect. This is illustrated in figure 4 , where we represented the imaginary part of the polarizability α(ω) of a Ag 120 -anthracene-Ag 120 system, for a gap distance d of 7Å and forh values ranging between 1.5 and 3.5 eV. The figure compares the results achieved when the molecule is either in a vertical or an horizontal position. The peak intensities associated with the α xx and α yy components of the polarizability tensor α(ω) are hardly affected by the presence of anthracene. In contrast, the peak associated with the α zz component of the polarizability tensor of the Ag 120 -anthracene-Ag 120 system is significantly affected by the presence of anthracene. For a vertical position of this molecule, the peak in the Im[α zz (ω)] data is moved tō hω = 2.207 eV. This corresponds to a red-shift of 0.841 eV compared to the value of 3.048 eV obtained with an isolated Ag 120 . For an horizontal position of anthracene, the peak in the Im[α zz (ω)] data is moved tohω = 2.845 eV (red-shift of 0.203 eV compared to the peak at 3.048 eV). These red- The presence of an aromatic molecule between the two silver clusters enhances therefore the splitting between the peak intensities in the imaginary part of α(ω). This can again be interpreted by an enhancement of the coupling between the two clusters, which is indeed more pronounced when the aromatic molecule is in a vertical position.
The polarization of the Ag 120 -Ag 120 system induces polarization in anthracene and the frequency-dependence of the polarizability of this molecule tracks that of the complete system. This is illustrated in figure 5 , where we show the imaginary part of the α zz component of the polarizability tensor of anthracene, for a vertical and horizontal position of this molecule in the Ag 120 -anthracene-Ag 120 system. These Im[α zz (ω)] data are characterized by a peak intensity forhω = 2.188 eV when the molecule is vertical andhω = 2.841 eV when the molecule is horizontal. These values are very close to positions of 2.207 and 2.845 eV that characterize the polarizability of the complete system (for the two orientations of the molecule). The position of these peaks actually depends on the gap distance d between the two clusters and it appears therefore that this parameter can be used to control the frequency at which the molecule has a resonant polarization. Since this polarization determines in turn the Raman scattering intensities this molecule may provide and because of the importance of this technique, we focused the remaining part of this paper on the polarizability of the molecules that are placed between the two clusters.
In figure 6 , we represent the energy of the peak intensities of the imaginary part of the α zz component of the polarizability of benzene, naphthalene and anthracene when these molecules are placed between two Ag 120 clusters. The results are presented as a function of the gap distance d between the two clusters and we consider that the aromatic molecules are either in a vertical or horizontal position. The representation also includes the peak-intensity energies of the α zz component of the polarizability of the Ag 120 -Ag 120 dimer (without any molecule placed between the two clusters). The results show that the peak-intensity energies of the Im[α zz ] data are moved to energies that are systematically smaller than those achieved with the Ag 120 -Ag 120 dimer. This indicates again that the coupling between the two clusters is enhanced by the aromatic molecule that is placed in-between. The red-shifts achieved when the molecule is in a vertical position are larger in magnitude than those achieved when the molecule is in an horizontal position (we obtain red-shifts up to 0.859 eV for a vertical position of anthracene and a gap distance d of 7Å, while a value of 0.207 eV is achieved for an horizontal position). The similarity between the results achieved for benzene, naphthalene and anthracene indicates that these peakintensity energies are essentially determined by the silver clusters and that the aromatic molecule merely enhances the coupling between these clusters. In the limit when d → ∞, we tend to the value of 3.048 eV obtained for an isolated Ag 120 cluster.
Finally, in figure 7 , we show the ratio between the α zz component of the polarizability at resonance of benzene, naphthalene and anthracene when these molecules are placed between the two clusters and the α zz values obtained when these molecules are isolated (these α zz values are calculated for the peak-intensity energieshω res given in figure 6 ). This ratio actually represents the enhancement induced by the silver clusters on the α zz component of the polarizability of these molecules (for the frequencies ω res provided by figure 6 ). Compared to the enhancements obtained in the static case (see figure 2 ), the enhancements achieved at resonance turn out to be larger by a typical factor of five. For benzene, the silver clusters are actually responsible for an enhancement of the α zz component of its polarizability by a factor of 46.6 (compared to the value obtained when this molecule is isolated). This enhancement is achieved considering a vertical position of benzene and a gap distance d of 7Å. For comparison, an enhancement of 19.7 is obtained when benzene is in an horizontal position. The enhancements achieved for a vertical position turn out to be systematically larger than those achieved for an horizontal position of the molecule considered. One can finally compare these enhancements in the polarizability with the E middle /E ext ratio obtained at resonance for the Ag 120 -Ag 120 dimer (when no molecule is placed between the two clusters). For the same gap distance d of 7Å, one obtains a E middle /E ext ratio of 36.7, which is comparable with the enhancements achieved in the polarizability of the structures placed between the two clusters (when vertical positions are considered).
These results show that the polarizability of molecules that are placed in the vicinity of silver clusters is enhanced compared to the values obtained when they are isolated. This enhancement is the most significant at frequencies for which a resonant polarization of the Ag-molecule-Ag system is achieved. The enhancement factor can then reach values as high as forty when the distance to the clusters is sufficiently small. This corresponds to surface-enhanced Raman scattering (SERS) enhancement factors of the order of 2.5×10 6 , which is the typical order of magnitude expected for SERS [50, 51, 45] , although it is lower than what is obtained for electromagnetic theory estimates for junction structures based on 50 nm nanoparticles [55] . Most likely, it will be necessary to use larger clusters to obtain enhancement factors that more accurately mimic what is found in the experiments. This may also influence the dependence of the enhancement factors on gap distance, including the frequency-dependence of the resonance enhancements.
Conclusion
We used a charge-dipole interaction model to study the frequency-dependent polarizability of aromatic molecules that are placed between two silver clusters. The results show that the polarization of these molecules is enhanced by the silver clusters. These molecules in turn enhance the electromagnetic coupling between the two clusters. These effects are more pronounced when the molecule is in a vertical position (in contrast with an horizontal position perpendicular to the axis of the dimer). The enhancement in the coupling between the two clusters increases the displacements of the peak intensities of the imaginary part of the polarizability of the Ag-moleculeAg system (especially for the component of this polarizability that is associated with polarization along the axis of the dimer). The frequency-dependence of the polarizability of the molecule that is placed between the two clusters turns out to follow that of the complete system and a resonance in this polarizability is induced by the dimer. The frequency at which this resonant polarization occurs depends on the gap distance between the two clusters. This gap distance could therefore be used to control the frequency at which molecules that are placed between two silver clusters are most sensitive to an external field. In particular, for SERS applications, significant enhancements are expected for particle gaps below 1 nm. This will be developed with more details in future work.
